Given the scientific consensus pointing to climate change, the more extreme weather events associated with this will lead to deeper pressure drops. As has already been stated, pressure drops are the main cause of gas flow from underground sites to the surface. This article presents the results of numerical simulations of the change in distribution of CO 2 and CH 4 near a closed mining shaft under the predicted baric tendency. Simulations have been undertaken by means of the FDS software package with the Pyrosim graphical interface -a CFD tool for fire and ventilation analysis. Assumptions have been based on previous results of in-situ measurements. The results (determined for a height of 1m above the ground) were compared to the following levels (later in the text comparison levels): for CO 2 0.1%vol. according to Pettenkoffer's scale and 2.5%vol. for CH4 as the half of Lower Explosive Limit (LEL). The results show that the deeper baric drops anticipated could lead to a wider spread of both greenhouse gases in the vicinity of the shaft, especially along the prevailing wind direction. According to the results obtained, CO 2 and CH 4 with concentrations above their comparison levels are expected at a distance greater than 50m from the shaft when wind is present for CO 2 and at a distance of 4.5m for CH 4 . Subsequent analysis of the results enabled the determination of functions for describing the concentration of gases along the wind direction line under the projected pressure drop. The results relate to a particular case, although the model could easily be modified to any other example of gas emissions from underground sites.
Introduction
The problem of gas leakage from underground sites does not only relate to abandoned coal mines. It is also possible when other underground operations take place e.g. as a result of some break down or emergency situation during, for example, carbon capture and storage (CCS), gas drainage, underground coal gasification (UCG) etc. (Lewicki et al., 2007; Bateson et al., 2008; Paulley et al., 2013; Wrona et al., 2016b) . It is generally stated that the main migration pathways of gas leakage would be along shafts, boreholes and faults (e.g. Annunziatellis et al., 2008; Wrona, 2016 b) .
Pressure drops are the main factor causing gas emissions from underground sites (Lagny et al., 2014; Wrona, 2015; Wrona et al., 2016b) . Considering the results previously obtained (Wrona, 2010a (Wrona, , 2010b Wrona et al., 2016b) , the thermal buoyancy effect and changes in gas mixture composition only marginally influence the rate of emissions.
Methane and carbon dioxide (CH 4 and CO 2 ) are the most common among the expected gases (Creedy, 1993; Prokop, 2001; Kotarba et al., 2002; Dziurzyński et al., 2004 , Rudakov et al., 2014 . They are both considered to be greenhouse gases.
Climate change is likely to result in a greater intensity and frequency of storms associated with deep low-pressure systems (Falarz, 1997; Ustrnul & Czekierda, 2000; Trepińska, 2007) . Barometric pressure drops will thereby increase in frequency and magnitude during severe weather events (NGER, 2007; Collins et al., 2013) . In addition, a greater number of days with low pressure are also expected.
These more extreme atmospheric events and, consequently, deeper pressure drops could lead to more gas emissions from underground mines (Lagny et al., 2014; Wrona et al., 2016b) .
Future projections of maximal pressure tendency for Polish territory can be computed based on e.g. (Falarz, 1997; Bielec-Bąkowska, 2007; Koźmiński & Michalska, 2010) .
Maximal 24h pressure changes (drops) over the period 1986-2007 varied during the winter between 966.1 hPa and 1049.4 hPa, (3.47 hPa/1h), and during the summer between 990.7 and 1031.5 hPa (1.7hPa/1h) (Falarz, 1997; Koźmiński & Michalska, 2010) . There were 23 days of the year with intense low pressure (pressure in the center of a baric system was from 945 hPa to 985 hPa) and 11 days with strong high pressure (pressure in the center of a baric system was from 1040 hPa to 1050 hPa (Bielec-Bąkowska, 2007) . A detailed analysis for southern Poland (near The Upper Silesia Region) has been conducted by Falarz (Falarz, 1997) . Considering the Kraków area, she stated that in the future a significant pressure drop 4 hPa/1h or even 5 hPa/1h should be expected at least once every 2 years, mainly in January. Once in every 10 years the pressure drop could exceed 5 hPa/1h, also in January.
This statement served as the basis for the simulations presented in this article.
Over the three year period in which measurements were taken above the closed Gliwice II shaft, readings indicated that the rate of CO 2 emissions varied from 12.7 to 162.3 kg CO 2 /h. The maximal detected concentration of CO 2 in the gas mixture was 3.24 vol% (Wrona et al., 2016b) . Carbon dioxide was detected up to 43m from the shaft. In the southern part of the Upper Silesian Coal Basin (e.g. Moszczenica coal mine), methane concentrations in outflowing gases through abandoned shafts were as high as 3.4%vol. (according to Grzybek (Grzybek, 2012) ), and up to a lower explosive limit (5%vol) at the Morcinek coal mine where an explosion had taken place (Nawrat, 2002) . Methane hazard was also detected in abandoned 1 Maja coal mine (Krause, 2003; Grzybek, 2012) .
Therefore, this article presents the results of numerical simulations of changes of CO 2 and CH 4 concentrations in vicinity of a closed shaft (up to 50 m from the well and 1m above the ground) according to the predicted maximal pressure drop. Two sets of the parameters (later in the text: sets) were checked. The first set did not include wind speed. The second set included a wind speed of 5 m/s from the west. The results (determined for a height of 1m above the ground) were compared to the following levels: for CO 2 0.1%vol. according to Pettenkoffer's scale (Słomka, 1999) and 2.5%vol. for CH 4 as the half of Lower Explosive Limit. The results could be treated as a forecast due to this particular site, although the model can easily be modified to other cases, such as leakage from a CCS installation or methane drainage system, breakdown of an underground coal gasification system, etc.
The model
Numerical simulation is useful tool for air flow examinations (e.g. Branny, 2003) . The simulations were conducted using FDS software, which belongs to the group of Computational Fluid Dynamics (CFD) programs and is based on numerical solutions of fluid mechanics equations. This software has already been applied for the simulation of gas flow in underground excavations or in the tunnels (e.g. Wrona, 2013; Wrona et al., 2013; Suban 2015; Wrona et al., 2016a) . The model has been validated by the National Institute of Standards and Technology, USA (McGrattan et al., 2010) .
Overlay
For consideration of fluid flow, the algorithm of FDS is based on a numerical solutions of the Navier -Stokes equations for each node of the calculation grid and with approximation of the obtained results between the points for every subsequent iteration. The partial derivatives of the conservation equations of mass, momentum and energy are approximated as finite differences, and the solution is updated in time on a three-dimensional, rectilinear grid. The equation of state is also considered (McGrattan et al., 2010) .
FDS numerically solves a form of the Navier-Stokes equations appropriate for low speed flow. The core algorithm is an explicit predictor-corrector scheme that is second order accurate in space and time. Turbulence is treated by means of the Smagorinsky form of Large Eddy Simulation (LES). It is possible to perform a Direct Numerical Simulation (DNS) if the numerical grid is fine enough. LES is the default mode of operation and is based on approximation of the influence of small vortices (which are independent from flow geometry) and inputting them into calculations as additional tensors and then solving the model only for large vortexes which depend on geometry and boundary conditions (Anderson et al., 1997; McGrattan et al., 2010) .
In order to reduce the calculation time, the mathematical model applied in FDS contains various simplifications. The most important for the flow are listed below: a) low speed flow (low Mach number), b) structured, uniform, staggered grid, c) constant turbulent Schmidt and Prandtl numbers (McGrattan et al., 2010) .
Assumptions a) Geometry
The flat area near the closed shaft was constructed ( c) Physics and Solver settings The Large Eddy Simulation (LES) method was selected for the simulations. Boundaries were defined as Inflow and Outflow surfaces (Opened), except for the wind set, where the western open surface was changed into the Velocity Inlet. The velocity was set as 5 m/s with a cylindri-cal wind profile. Emissions were set as Mass Flow Outlet and were located at the surface of the shaft. Concentrations of CO 2 and CH 4 were set as 5%vol. (for methane it is a lower explosive limit). Probable concentrations were assumed on the basis of measuring data and from consulting the literature (Nawrat, 2002; Krause, 2003; Grzybek, 2012; Wrona et al., 2016b ). The gas temperature was 12°C, whereas the ambient temperature was 20°C. The temperature gradient in the atmosphere was 0.06°C/1m, gravity according to Z axis. The simulation time was 120 seconds. d) Velocity of emissions and assumed sets of parameters As previously stated when discussing the in situ measurements (Wrona et al., 2016b) there is an empirical, linear function (R 2 = 0.812) which can describe the relation between baric tendency (determined as a change of pressure for one hour) and emissions rate (1):
(1) where:
V -gas emissions, m 3 /s, TB -1 h baric tendency, hPa/1h. Equation (1) was determined for the range of TB between 0.1 hPa and 0.8 hPa. Then it was extrapolated.
Assuming equation (1) Detailed results were obtained at data sheets and plots which were read from virtual gas sensors located at each main geographic directions ( taken from the time period between 100s and 120s and then were averaged. This was the basis for constructing the diagrams (Figs 2-11 ).
The results and discussion
The results are presented according to the sets of parameters listed in previous section. The first 4 sets were based on zero wind influence and the last two sets were fixed to compare different rate of emissions under a 5 m/s wind influence.
Wind velocity 0.0 m/s
According to a wind velocity set at 0 m/s, the results for the two different gases are comparable in each direction. Examining detailed results reveals only a slight difference in CO 2 and CH 4 concentrations at different measuring points, e.g. at 20 m from the shaft CO 2 = 0.38%vol. and CH 4 = 0.40%vol.
The differences are caused by CFD modeling which is based on the assumption that the fluctuations associated with turbulence are random. The randomly changing variables are considered to be made up of a time average plus a fluctuation. Assumed turbulent model is solved by LES method. The principal idea behind LES is to reduce the computational cost by ignoring the smallest length scales, which are the most computationally expensive to resolve, via lowpass filtering of the Navier-Stokes equations. Such a low-pass filtering, which can be viewed as a time -averaging and spatial -averaging.
Looking at Figures 2-4 and detailed results from the data plots further observations were made. Red lines in Figures 2-4 indicate assumed comparison levels.
Concentrations of both gases, under the projected climate change and the most intense TB = 5 hPa/1h at a distance of 50 m, are very close to 0%vol. For CH 4 it equals 4.98e-36 mol/mol in fact. For CO 2 it equals 4.8e-36 mol/mol. In other cases, the concentrations are 0 mol/mol (according to the assumptions of the model). Thus they were set as 2 ppb for CH 4 and 0.04 %vol. for CO 2 .
Maximal CO 2 concentration at the N line (Fig. 2) was 4.9%vol. at a distance of 1m from the. Maximal CH 4 concentration at the N line was also 4.9%vol. at 1m from the shaft. Estimated comparison level for CO 2 is exceeded up to 40-45 m from the shaft for TB = 5 hPa/1h for CH 4 up to 4m for TB = 5 hPa/1h.
Maximal CO 2 concentration at the E line (Fig. 3) was 4.9%vol. at 1 m from the shaft. Maximal CH 4 concentration at the E line was also 4.9%vol. at 1 m from the shaft. Estimated comparison level for CO 2 is exceeded up to 40-45 m from the shaft for and for CH 4 up to 4 m.
Maximal CO 2 concentration at the W line (Fig. 4) was 4.9%vol. at a distance of 1 m from the shaft. Maximal CH 4 concentration at the W line was also 4.9%vol. at 1m from the shaft. Estimated comparison level for CO 2 is exceeded up to 45m from the shaft and for CH 4 up to 4 m for TB = 3 hPa/1h.
Maximal CO 2 concentration at the S line (Fig. 5 ) was 4.9%vol. at a distance of 1m from the shaft. Maximal CH 4 concentration at the W line was also 4.9%vol. at 1m from the shaft. Estimated comparison level for CO 2 is exceeded up to 45 m from the shaft and for CH 4 up to 4 m. The general conclusion for assumed sets with no wind is that, for the more intense TB values of 3 hPa/1h and 5 hPa/1h, assumed comparison levels for both greenhouse gasses could be exceeded at a greater distance from the shaft. This distance is up to 45 m for CO 2 and 4 m for CH 4 . It could be also observed that up to approx. 5-10 m from the shaft TB 5 hPa/1h results in smaller concentration of the gases than TB 3 hPa/1h. It is probably caused by higher velocity of emissions which transport the gases higher in close vicinity of the shaft.
Wind influence
Two examples are presented. The first is when the baric tendency is 1 hPa/1h, a westerly wind is blowing with velocity w = 5.0 m/s. This is a typical ongoing situation near a closed shaft. The second example is a projection taking into account climate change extrapolations, where TB would rise up to 5 hPa/h.
The westerly wind (5m/s) causes a significant gas flow in an easterly direction, although gas is also detected in the vicinity of the shaft at other directions. Assumed comparison level for CO 2 at E line is exceeded up to 50 m from the shaft, and for CH 4 up to 4.3 m for TB = 1 hPa/1h (Fig. 6 ). Nevertheless, it should be noted that the concentration of both gases at the E line is slightly higher than 0%vol. at a distance of 50 m, whereas for other lines it reaches zero about 5m from the shaft.
In the case of TB = 5 hPa/1h gas is also observed in the vicinity of the shaft along all the lines. Although comparison level for CO 2 is exceeded over 50 m from the shaft and that for CH 4 about 4.5 m away. However, it should be also noted that the concentration of both gases at the E line in this case is significantly higher than 0%vol. at a distance of 50 m, whereas for other lines it reaches zero about 5m from the shaft, as in the previous case (Fig. 7) .
Comparison at E line for wind 0 m/s and 5 m/s
Results for the E line were compared for the sets with and without wind influence (Fig. 8, 9 ). Analyzing Figures 8 and 9 it is clear that wind influence is significant. It is also clear that TB = 5 hPa/1h produces higher concentration of both gases along this direction.
Analyzing Figures 10 and 11 , the following relations could be estimated. For TB = 5 hPa/1h, the concentration of CO 2 along the wind direction line can be given as an approximate function (2) (y -CO 2 %vol. x -distance from the shaft (d)) CO 2 = 4.2755d 4. Conclusions
1.
Lack of wind causes a very similar gas distribution along the main four geographical directions (N, S, E, W) and a more intense value of TB results in a higher distance from the shaft for the point where assumed comparison levels (0.1%vol. for CO 2 and 2.5%vol. for CH 4 ) for both greenhouse gasses may be exceeded. It is up to 45m for CO 2 and 4 m for CH 4 (Figs 2-5) .
2. Comparison of the influence of wind velocity (Figs 6, 7) shows that a westerly wind with velocity set at 5m/s produces a significant gas flow in an easterly direction and higher concentration of the gases along this direction, though a gas is also observed in vicinity of the shaft. Under TB = 5 hPa/1h and wind velocity 5 m/s (Figs 8, 9 ), assumed comparison level for CO 2 is exceeded over 50 m from the shaft, and for CH 4 about 4.5 m for the shaft. However, at a distance of 50 m from the shaft the CH 4 concentration is still higher than 0.5%vol.
3. It is possible to determine projection curves (Figs 10, 11) for the CO 2 and CH 4 concentrations along the wind direction line as a result of climate change which leads to more intense pressure drops (TB = 5 hPa/1h). They indicate that both CO 2 and CH 4 could be detected more than 100 m from the shaft along the wind direction line.
